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where ! q is the frequency of a phonon with wave vector q, is its ''bare'' frequency obtained by neglecting the electronic response, vq represents electron-electron interaction, and q is the electronic polarizability. More simply, Eq. (1) states that the perturbation induced by vibrations is screened by the electronic response. The larger the response is, the stronger is the screening, resulting in reduced force constants and, hence, lowered vibra-tional frequencies. This effect is well described in textbooks [15] and a nice illustration can be found in Ref. [16] .
In this Letter, we show that, indeed, the effect of alkali adsorption is to produce a pronounced increase in the surface electronic polarizability whose origin we trace to a characteristic feature induced in the surface potential barrier. To establish that this phenomenon is general we have carried out calculations for both K and Na adsorbed on the surfaces of two metals, Pd and Cu, whose properties differ in several ways, not the least of which is the difference in the density of states at the Fermi level. Furthermore, the vibrational dynamics of two chemically distinct molecules CO and O 2 are shown to display a substantial lowering of their frequencies on coadsorption with K on Pd(111). To our knowledge such a microscopic theoretical investigation has not yet been carried out.
Our calculations are based on self-consistent electronic structure calculations carried out using the full-potential linearized augmented plane wave (FLAPW) method [17] as embodied in the WIEN2K code [18] . We mimic the surface system with a supercell consisting of 8 atomic layers of Cu or Pd and 11 Å thick vacuum. Calculations have been performed for two-dimensional (2 2) unit cells with 4 metal atoms per layer, plus one alkali atom on each side of the slab, corresponding to 1=4 ML coverage of the alkali. A fragment of the surface with the adsorbate is shown in Fig. 1 . To check the effect of alkali coverage, calculations have been repeated with a (3 2) unit cell corresponding to 1=6 ML alkali coverage. The two-dimensional surface Brillouin zone is sampled by 25 and 16 k points for the (2 2) and (3 2) superstructures, respectively. The exchange-correlation part of the potential is calculated in the local density approximation within the density functional theory [19] . Frequencies of C-O and O-O stretching mode are calculated within the frozen-phonon approximation [20] .
Since direct calculation of the electronic polarizability in the vicinity of surfaces is not feasible, we turn to the calculation of a related quantity, the isoelectronic reactivity index w N r introduced by Wilke et al. [21] :
Vr;N r;T el ÿr;0 kT el 2 :
Here r is the electronic density, Vr denotes an external potential, N is the number of electrons in the system, k is Boltzmann's constant, and T el is the electronic temperature allowing a convolution of the electronic states with the Fermi-Dirac function for a given temperature. In this study we set kT el 0:01 Ry. The physical interpretation of w N r is as follows. An increase in T el from ''0'' to a finite value introduces electronic excitations (electron-hole pairs) obeying the Fermi-Dirac distribution. These excitations cause an electronic density variation which is reflected in the last term of Eq. (2). Since creation of the electron-hole pairs is a natural response to an external perturbation (variation of potential), w N r characterizes the electronic polarizability. Note that the isoelectronic reactivity index is also closely related to the local softness function sr [22] which is widely used in quantum chemistry as a measure of the electronic response of the system [23] .
In Fig. 2 , two-dimensional plots of w N r calculated for clean Pd(111) and K 0:25 =Pd111 show that adsorption of potassium induces a huge increase in w N r in the vacuum region. And more to the point here, the effect is nonlocal, since w N r is substantially enhanced not only around the adsorbate atom, but also for the entire surface area. A similar and even larger effect is found for a 1=4 ML of Na on Cu(111). More quantitatively, the effect can be illustrated by one-dimensional plots of w N r in Fig. 3 , along the surface normal passing through the fcc hollow site, which is maximally distant from the adsorbate atoms. Clearly, w N r decays rapidly at the clean surfaces, whereas, upon alkali adsorption, it is increased and delocalized over 2 -4 Å away from the surface. Such behavior of w N r implies that alkali adsorption dramatically enhances the electronic polarizability in the vacuum region in the vicinity of the surface.
For insights into the microscopic basis for these dramatic effects we have calculated the total self-consistent potential for the surfaces under consideration. Onedimensional plots of the potentials in Fig. 4 testify to the well-known reduction of the potential barrier at the surface which further manifests itself in a decrease in the work functions for Pd(111) and Cu(111). What is indeed very intriguing and novel is that instead of an expected simple reduction of the barrier, alkali adsorbates form a groovelike or plateaulike region of further reduced potential in the vicinity of the surface. Since this feature is energetically located around E F , it is easy to see that it is responsible for the low-energy delocalized excited electronic states which, in turn, enhance the surface electronic polarizability.
We now turn to the role of the electronic polarizability in the softening of internal vibration modes of coadsorbed molecules. We consider two distinct cases-CO which prefers to bind vertically and O 2 which orients its axis parallel to the surface. For CO adsorbed on top of a Pd atom [1=4 ML coverage on Pd(111)], we find the frequency of the C-O stretching mode (f CO ) to soften from 1990 to 1800 cm ÿ1 on the presence of K on the surface. To separate the effect of the enhanced electronic polarizability on the softening, we move the molecule away from the surface increasing C-Pd distance from 1.84 to 3.3 Å . At such a location, C-Pd or C-K bonding is negligible. At the same time, CO is located in the region where the electronic polarizability is very low for clean Pd(111) and high for K 0:25 =Pd111 (see Fig. 2 ). The calculations result in f CO 2100 cm ÿ1 for clean Pd(111) and f CO 1860 cm ÿ1 for the surface with coadsorbed K. Thus breaking Pd-C bond on clean Pd(111) reverts C-O stretch frequency to almost the free molecule value (2130 cm ÿ1 ), while coadsorbed K retains the softened frequency despite the lack of direct C-Pd bond. This result shows the direct link between vibrational mode softening and enhanced electronic polarizability.
Next, we calculate the frequency (f OO ) of the O-O stretching mode for O 2 placed above both clean Pd(111) and K 0:25 Pd111. Interestingly, O 2 can be a perfect probe for the effect of electronic polarizability on vibrational frequencies since we can eliminate not only chemical bonding effects (as we did above for CO), but also possible electric field effects. We place O 2 parallel to the Pd(111) plane 4.5 Å above the surface such that for K 0:25 =Pd111, the oxygen atoms are maximally distant from the adsorbed K (O-Pd and O-K distances are 4.7 and 3.3 Å , respectively) and there is no direct K-O bond. Our calculations show that there is no force acting on O 2 from K or Pd atoms and there is no noticeable difference in the potential on the two oxygen atoms, thus excluding the presence of an electric field. This is understandable since the oxygen molecule lies parallel to the surface. Besides, in contrast to CO, O 2 does not have any dipole moment and, hence, does not produce any long-range electrostatic interaction. Consequently, the surface can affect the properties of O 2 only through the electronic response. We find that f OO 1550 cm ÿ1 for O 2 placed above clean Pd(111), which is almost the vibrational frequency for a free molecule (1560 cm ÿ1 ), while f OO 1280 cm ÿ1 for the surface with coadsorbed K. Rotation of the molecule around a surface normal by 45 hardly changes the frequency (1250 cm ÿ1 ) suggesting isotropy of the O 2 environment and hence confirming the absence of any chemical bonding to Pd or K atoms. Reduction of the K coverage from 1=4 ML to 1=6 ML only slightly reduces the polarizability in the vicinity of the surface related to a small (0.2 eV) increase in the work function. For the lower coverage we find f OO 1330 cm ÿ1 when the O 2 molecule is 4.5 Å above the Pd surface. Although with the reduction of the K coverage the K-O distance is substantially increased (from 3.3 to 3.9 Å ), f OO is still significantly lower than that for the clean Pd surface. These results clearly show that the strong enhancement of electronic polarizability of the metal surface upon alkali adsorption is the driving force for the softening of the internal vibrational modes observed for coadsorbed molecules.
We find that apart from the softening of vibrational frequencies of O 2 placed above Pd(111), K coadsorption causes an increase in the O-O bond length from 1.23 to 1.30 Å and a decrease in the O-O bonding energy from 7.9 to 5.2 eV, as obtained from calculations for the 1=4 ML coverage of K. These findings can also be traced to the enhancement of electronic polarizability upon alkali adsorption: enhanced electronic response screens the perturbation induced by the stretching of the molecule and helps weaken the O-O bond, making conditions favorable for further reactions with other adsorbed molecules. In other words, the enhancement of the polarizability of the metal surfaces upon alkali adsorption is ultimately responsible for facilitating surface reactions. We are in the process of quantifying such effects for specific reactions. The general underlying mechanisms, however, have been captured in the examples here.
In summary, detailed first principles studies of the electronic structure of Pd(111) and Cu(111) reveal an unusual feature of the surface potential on alkali adsorption which causes a dramatic enhancement of the surface electronic polarizability extended toward the vacuum. We show that the frequencies of internal vibrational modes of molecules such as CO and O 2 when coadsorbed with alkalis on these metal surfaces undergo remarkable softening, as a direct result of the enhanced surface electronic polarizablity. The effect is equally pronounced for metals as dissimilar as Pd and Cu and adsorbates as varied as CO and O 2 .
